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Abstract

Wound healing of deep burn injuries is often accompanied by severe scarring, such
as hypertrophic scar (HTS) formation. In severe burn wounds, where the subcutis is
also damaged, the scars adhere to structures underneath, resulting in stiffness of the
scar and impaired motion. Over the recent years, a promising solution has emerged:
autologous fat grafting, also known as lipofilling. Previous clinical reports have shown
that the anti-fibrotic effect has been attributed to the presence of adipose-derived
stromal cells (ADSC). In the proposed study, we aim to investigate the effect of fat
grafting in 3D organotypic skin cultures mimicking an HTS-like environment. To this
end, organotypic skin cultures were embedded with normal skin fibroblasts (NF) or
HTS-derived fibroblasts with or without incorporation of human adipose subcutane-
ous tissue (ADT) and one part was thermally wounded to examine their effect on
epithelialization. The developed skin cultures were analysed on morphology and
protein level. Analysis revealed that ADT-containing organotypic skin cultures com-
prise an improved epidermal homeostasis, and a fully formed basement membrane,
similar to native human skin (NHS). Furthermore, the addition of ADT significantly
reduced myofibroblast presence, which indicates its anti-fibrotic effect. Finally, re-
epithelialization measurements showed that ADT reduced re-epithelialization in
skin cultures embedded with NFs, whereas HTS-fibroblast-embedded skin cultures
showed complete wound closure. In conclusion, we succeeded in developing a 3D or-
ganotypic HTS-skin model incorporated with subcutaneous tissue that allows further

investigation on the molecular mechanism of fat grafting.
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1 | INTRODUCTION

Deep full-thickness burn wounds are often accompanied by severe
scarring, such as hypertrophic scars (HTSs) and can cause substantial
functional and aesthetic problems.! The underlying mechanism of
abnormal scarring is a dysregulation of normal wound healing, as a
result of derailed TGF-f signalling.?® During wound healing numer-
ous cell types migrate into the wound bed, including fibroblasts. The
fibroblasts differentiate into myofibroblasts in response to TGF-$1
and start expressing alpha-smooth muscle actin (¢SMA) and pro-
duce collagens, contributing to proper wound closure. Once this
process is successfully completed, the myofibroblasts enter apopto-
sis. However, during severe scarring the myofibroblasts become less
responsive towards the apoptotic signals, resulting in the accumula-
tion of fibrotic tissue.*¢ In addition, in severe burn wounds damage
of the skin can reach as far as the subcutis due to the heat pene-
trating the skin.” Surgical removal of the damaged skin reaches up
to the muscle fascia and in most cases is restored by split-thickness
skin grafts.8 However, the new scar is still adherent to the tissue
underneath. A promising method in the treatment of adherent scars
is the use of autologous fat grafting, also known as Iipofilling.7’9’11
Lipofilling is a technique originally used in plastic and cosmetic sur-
gery to correct volume deficiencies due to congenital or traumatic
disorders.*? During this procedure, adipose tissue is grafted under-
neath the scar tissue. Previous clinical studies have shown that lipo-
filling successfully reduces the fibrotic characteristics of HTSs and
elevating elasticity.7'13 The anti-fibrotic effect of lipofilling has been
primarily attributed to adipose-derived stromal cells (ADSCs) which
are described to be pluripotent cells originating from mesenchymal
stem cells that reside in subcutaneous adipose tissue throughout the
body. 1415

Although a few studies have been performed in monocultures
and in animal models with ADSCs, the exact molecular mechanism of
ADSCs on how they affect HTSs still remains unknown.*® Therefore,
we aim to investigate the effects of fat grafting ina HTS 3D organo-
typic skin culture. For this purpose, we developed a full-thickness
human skin model (FTM) containing adipose tissue (ADT), normal
fibroblasts (NF) or HTS-derived fibroblasts, in order to establish a fi-
brotic environment. In addition, FTMs were cultured with or without
the presence of adipose tissue (ADT) and thermally wounded to ex-
amine re-epithelialization. First, we assessed the morphogenesis of
the three-layered organotypic skin culture compared to our current
two-layered skin culture. Next, we determined the effect of ADT on
myofibroblast presence and re-epithelialization.

Immunohistochemistry and immunofluorescence analyses
showed that epidermal homeostasis and morphogenesis of the
three-layered skin culture was improved compared to the two-
layered FTMs and featuring more similarities with native human skin
(NHS). In addition, fibroblast distribution did not affect basement
membrane formation and remained unaffected in ADT-containing
skin cultures. Furthermore, ADT-FTMs possessed significantly less
myofibroblasts based on aSMA expression. Finally, ADT delayed re-
epithelialization in NF-containing FTMs.
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In this study, we present a novel 3D three-layered organotypic
skin culture that will contribute to a better understanding of the mo-
lecular mechanisms of fat grafting. Moreover, this 3D in vitro skin
culture may contribute to the development of human skin substi-
tutes in order to treat burn patients.

2 | MATERIALS AND METHODS
2.1 | Celllines and culture

HTS fibroblasts were isolated from three different HTS biopsies pro-
vided by the Red Cross hospital (Beverwijk, Netherlands). Normal
human fibroblasts (NF) and keratinocytes were isolated from skin
obtained after either mamma reduction or abdominal correction,
performed on three female, Caucasian donors. Experiments were
conducted in accordance with article 7:467 of the Dutch Law on
Medical Treatment Agreement and the Code for proper Use of
Human Tissue of the Dutch Federation of Biomedical Scientific
Societies (https://www.federa.org/codes-conduct).

NFs and HTS fibroblasts were isolated as described earlier
(Table 1).Y78 In short, the dermis was incubated overnight in dispase
Il 'at 4°C and subsequently incubated for 30min at 37°C for separa-
tion of the epidermis from the dermis. Next, the dermal tissues were
incubated with collagenase (Invitrogen, Breda, the Netherlands) and
dispase (Roche Diagnostics, Almere, the Netherlands), mixed in a 3:1
ratio, for 2h at 37°C and isolated. The NFs and HTS-derived fibro-
blasts were cultured in Dulbecco's modified Eagle's medium (DMEM)
(Gibco/Invitrogen, Breda, the Netherlands) supplemented with 5%
fetal bovine serum (FBS; HyClone, Thermo Scientific, Etten-Leur,
the Netherlands) and 1% penicillin-streptomycin (Thermo Fisher

Scientific, Massachusetts, United States). The fibroblasts were kept

TABLE 1 Source of human normal fibroblasts, HTS fibroblasts
and adipose tissue.

Donor Sex Age Ethnicity Location
Normal fibroblasts
1 F 38 Caucasian Abdomen
2 F 46 Caucasian Abdomen
3 F 55 Caucasian Breast
Hypertrophic scar fibroblasts
1 F 10 Caucasian Neck
2 M 20 Caucasian NA
3 M 18 Caucasian NA
Adipose tissue
1 F 74 Caucasian Upper arm
2 F 58 Caucasian Abdomen
3 F 51 Caucasian Abdomen

Abbreviations: F: female; HTS: hypertrophic scar; M: male; NA: not
available.
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at 37°Cand 5% CO, and used for following experiments between the
3rd and 5th passage.

Keratinocytes were isolated as described earlier.)” The epider-
mis from normal skin was incubated with trypsin at 37°C for 15 min.
Next, keratinocytes were isolated and cultured in DMEM, Ham's
F12 nutrient mixture (Gibco/ Invitrogen, Breda, the Netherlands)
supplemented with 5% FBS serum (HyClone/Greiner, Nirtingen,
Germany), 5mL Pen/strep, 0.5uM hydrocortisone, 1 uM isoprotere-
nol and 5mg/mL insulin. The keratinocytes were then kept until sub-
confluency at 37°C and 7.3% CO,,.

ADT was derived from the subcutaneous layer of skin that was
obtained from abdominal corrections performed on three female,

Caucasian donors (Table 1).

2.2 | Generating full-thickness models

Development of full-thickness models (FTM) consisted of es-
tablishment of a dermal and epidermal part. Dermal equivalent
preparation was performed using hydrated rattail collagen (4 mg/
mL).Y A 1mL cell-free collagen mixture with on top a 3mL colla-
gen mixture embedded with fibroblasts (1.2-1.5 x 10° fibroblasts/
model) were established onto 6-well filter inserts with a 3um pore
size membrane (Corning Incorporated, New York, United States).
Hydrogels were embedded with either normal skin fibroblasts
(NF) or HTS-derived fibroblasts, which will be further referred to
as FTMNF and FTMHTS, respectively. Polymerization of both colla-
gen layers was achieved at 37°C. After polymerization, the dermal
equivalents were cultured for 1 week in DMEM containing 5% FBS
and 1% P/S. Culture medium was changed twice a week. Next,
primary keratinocytes were seeded onto the dermal part of the
FTM (2.5x 10° keratinocytes/model). The FTMs were then kept
submerged for 4 days followed by culturing at the air-liquid inter-
face for an additional 14 days.°

For the generation of adipose tissue (ADT) containing FTMs
(ADT-FTM), the ADT was cut into pieces of approximately
5x5mm, after which five pieces were added to the layer of hy-
drated rattail collagen followed by polymerization at 37°C. The
dermal and epidermal part of the ADT-FTMs were established as
described above.

2.3 | Morphological and
immunohistochemical analysis

For haematoxylin and eosin staining, 5pm cross sections were
stained with haematoxylin for 6 min and eosin for 1 min, to as-
sess the morphology of the different FTMs. Visualization was
performed using a light microscope (Zeiss Axioplan 2, Beda, The
Netherlands).

Immunohistochemical analyses were performed on 5pum
paraffin-embedded sections. Sections were rehydrated, and anti-
gen retrieval was performed by placing sections in heated sodium

citrate buffer. Blocking was done with 2% normal human serum
(Sanquin, Leiden, The Netherlands). Sections were incubated
with primary antibodies to detect Kié7 (1:100; MIB-1; Agilent,
Santa Clara, United States), keratin 10 (1:250; DE-K10; Labvision/
Neomarkers, California, United States), keratin 17 (1:25; CK-
E3; Agilent, Santa Clara, United States) and collagen IV (COLIV)
(1:150; PHM12; Merck, Darmstadt, Germany) in 1% BSA/PBS
at 4°C and secondary antibodies (goat-anti-mouse or goat-anti-
rabbit) in 1% BSA/PBS at room temperature. Stainings were vi-
sualized with 3-amino-9-ethylcarbazole (AEC) and counterstained
with haematoxylin. Sections were enclosed with Kaiser's glycerine
and visualized with a light microscope (Zeiss Axioplan 2, Zeiss, The
Netherlands).

2.4 | Immunofluorescence staining

Immunofluorescence staining for loricrin (LOR), collagen VII (COLVII),
vimentin (VIM) and aSMA was performed on 5um thick cryosec-
tions. The sections were washed in PBS and fixed in acetone for
10min followed by blocking in 2% normal human serum for 30 min.
Next, sections were incubated O/N at 4°C with primary antibod-
ies targeted against LOR (1:1000; clone# NA; Abcam, Cambridge,
United Kingdom), VIM (1:1000; V9; Merck, Darmstadt, Germany)
and aSMA (1:500; 1A4/ASM-1; Progen, Heidelberg, Germany). For
COLVII (1:150; LH7.2; Abcam, Cambridge, United Kingdom) stain-
ing, the sections were incubated with the primary antibody for 1h
at RT. Next, the cryosections were incubated for 1h at RT with
Alexa-488 (1:250; Alexa Flour® Dyes, Thermo Fisher Scientific,
Massachusetts, United States) secondary antibody for LOR and
Cyanine-3-conjugated secondary antibody (Cy3; 1:600; Jackson
ImmunoResearch, Cambridgeshire, United Kingdom) for VIM, aSMA
and COLVII. For visualization, the sections were mounted with
4',6-diamidino-2-phenylindole (DAPI)-containing VECTASHIELD an-
tifade mounting medium (Vector Laboratories Ltd., Peterborough,
United Kingdom).

Analysis of aSMA was performed with ImageJ on a fixed area
for each sample. The percentage of positive surface was calculated
by setting an upper and lower threshold, in order to count the pixels

exhibiting a positive fluorescent signal within the boundaries.

2.5 | Masson's trichrome stain

The formalin-fixed paraffin-embedded (FFPE) FTM samples were
cut into 5pum sections, deparaffinized through a series of ethanol
baths ranging in concentration from 100% to 50% and continued
with the Masson's trichrome stain procedure (Polysciences Inc.,
Pennsylvania, United States). Next, the sections were re-fixed in
Bouin's solution for 1h at 60°C. Subsequently, the cross sections
were stained with Haematoxylin (10min), followed by Biebrich
Scarlet-Acid Fuchsin stain (5min). The final steps included phos-
photungstic/phosphomolybdic acid incubation (10min) and aniline
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blue (5min). The sections were then dehydrated and mounted with a
xylene-based mounting medium. Imaging was performed with a light

microscope (Zeiss Axioplan 2, Beda, The Netherlands).

2.6 | Re-epithelialization measurement

The FTMs were thermally wounded as described earlier by Haisma
and colleagues.21 In short, a metal device of 2mm by 10 mm was
cooled in liquid nitrogen for 2min followed by wounding the FTM
for 15s. No additional pressure was applied during wounding of
the organotypic models. After thermal wounding, the FTMs were
further cultured for 3days at the air-liquid interface followed by
analysis of re-epithelialization. Haematoxylin and eosin-stained
FTM samples were imaged with a light microscope (Zeiss Axioplan
2, Breda, The Netherlands) and relative re-epithelialization was
quantified using ImageJ. The relative re-epithelialization was
calculated by dividing the length (in pixels) of the newly formed
epidermis by the total length (in pixels) of the wound, which was
defined by a layer of apoptotic epidermal tissue harbouring small

round-shaped cells.??

2.7 | Statistical analysis

Data were analysed with GraphPad Prism 7.02 (GraphPad Prism
Software, San Diego, CA). Statistical significance was determined by
using a Kruskal-Wallis test with a Dunn's multiple comparison post
hoc test. The differences were noted as follows: *p <0.05; **p <0.01;
***p<0.001.

3 | RESULTS

3.1 | Macroscopic evaluation of developed FTMs
and ADT-FTMs

By establishing an ADT-FTM, we first assessed the overall mor-
phology compared to the currently used FTM (Figure 1). A macro-
scopic view showed that the addition of ADT allowed similar FTM
development compared with the two-layered FTMs (Figure 1A).
Furthermore, histological images of FTMNF, FTM"TS, ADT-FTMNF
and ADT-FTMHT® are depicted in Figure 1B. Comparison of FTMNF
versus ADT-FTMNF and FTMPTS versus ADT-FTMM™ showed that
the three-layered FTMs presented a dermis onto which a thinner
epidermis developed. Here, the presence of the stratum basale, stra-
tum spinosum and stratum corneum are evident. This observation
suggests that ADT-FTMs lack a stratum granulosum.

Furthermore, in the ADT-FTMs the subcutaneous layer was
properly attached to the dermal compartment. Looking more into
detail on the interface between the dermal compartment and
ADT, we observed presence of round-shaped cells (black arrows)
(Figure 1C). Morphologically similar cells are present in the ADT (red

arrows), indicating that these cells have migrated into the dermal
compartment. The round cells were not observed in the two-layered
FTMs.

3.2 | Effect of adipose-derived tissue on epidermal
homeostasis

To evaluate the effect of the modified FTM, we examined epidermal
homeostasis of the different FTMs (Figure 2). Therefore, basal cell
proliferation (Ki67), early (keratin 10; K10) and late (loricrin; LOR)
differentiation and epidermal activation marker keratin 17 (K17)
were assessed. Epidermal morphogenesis and organization of the
different FTMs were compared to NHS (Figure 2A).

The proliferation of basal cells in ADT-FTMNF was significantly
reduced compared to FTMNF (p<0.01) based on the differences
in the proliferation index (Pl). A similar effect on the proliferation
was found in FTMHTS where ADT-FTM"T exhibited a significantly
reduced Pl compared to FTM"TS, Furthermore, FTMNF and FTMMTS
showed a substantial elevation in Pl compared to NHS. The three-
layered FTMs showed a Pl similar to NHS (Figure 2B).

Early differentiation marker K10, showed a clear expression
pattern throughout the suprabasal layers in the different FTMs
(Figure S1), as found in NHS. As for the late differentiation marker
LOR, which is more restricted to the granular layer of the epider-
mis, we found that ADT-FTMNF showed little to no expression of
LOR compared to FTMNF. LOR expression in ADT-FTM"TS sam-
ples was downregulated compared to FTM"TS. Furthermore, we

observed an overall elevation of LOR expression in FTM"TS

com-
pared to NHS. The expression of hyperproliferation marker K17
was slightly elevated in FTM"™ compared to FTMNF and NHS
(Figure 2A).

In addition, the effect of ADT on the epidermal thickness was an-
alysed for the different FTMs by calculating the average epidermal
area for each sample. In both FTM"™ and FTMNF we found that the
addition of ADT significantly reduced the epidermal area (FTMNF ys.
ADT-FTMNF p<0.05; FTM"™ vs. ADT-FTMMTS p<0.01) (Figure 2C).
Besides reduced epidermal thickness, we also found that ADT-FTMs
displayed a thinner and loose stratum corneum compared to the
two-layered FTMs (Figure 2D).

In addition, we investigated whether subcutaneous tissue also
plays a beneficial role during wound healing (Figure S2). To answer
this question, we introduced full-thickness wounds in the different
FTMs and assessed re-epithelialization after 3days. Wounding with
liquid nitrogen induced cell death in the injured epidermis in all FTM
samples as judged from the small, rounded shape cells, denoted by
the black asterisk in the wounded area of the FTMs (Figure S2A-
D).?2 In addition, the majority of the fibroblasts in the dermal
compartment of FTMNF, ADT-FTMNF and FTM"™ samples did not
survive as was observed by small round cells in the wound area, de-
picted by black arrows (Figure S2A-C).2? In ADT-FTM"™ cultures
most fibroblasts seem to have survived in the full-thickness wound
after 3days (Figure S2D).
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FIGURE 1 Macroscopic images and histology of FTMs. (A) Macroscopic images of FTMNF and FTMYT® formed according to standard
protocol (upper images) and with the addition of adipose tissue (ADT): ADT-FTM"F and ADT-FTM"™® (lower images). (B) H and E staining on
cross sections of FTMSs established with normal human fibroblasts (FTMNF) (N=3), hypertrophic scar-derived fibroblasts (FTM"T%) (N=3)
displayed in the upper row. The lower row displays the H&E staining of the corresponding FTMs including the addition of adipose tissue:
ADT-FTMNF (N=3) and ADT-FTM"™S (N=3). (C) H and E staining on cross sections displaying the dermal compartment of a two-layered FTM
(left). The right image represents the dermal and subcutaneous compartment of the three-layered FTM. In the right image, round-shaped
cells are present on the dermal-subcutaneous interface (black arrows). Similar cells are present in the ADT (red arrows). Scale bar: 100 pm.

As shown in Figure S1E, FTMNF showed an average of 94.74%
wound closure, whereas ADT-FTMNF samples presented a reduc-
tion in re-epithelialization of 24%. Furthermore, all FTM"TS, showed
100% re-epithelialization after 3days.

3.3 | Fibroblast distribution and effect on
basement membrane formation

Next, we determined whether the addition of ADT affects fibroblast
presence and basement membrane (BM) formation.?®> Moreover, suc-
cessful BM formation is essential for proper re-epithelialization and
migration of keratinocytes.?2242% Therefore, the expression of BM
components COLIV and COLVII was examined by immunohistochem-
istry and immunofluorescence. As shown in Figure 3, both BM com-
ponents were present in ADT-FTMs. In addition, immunofluorescence

staining for fibroblast marker vimentin (VIM) showed that the fibro-
blast distribution was similar throughout the different generated FTMs.
Furthermore, when comparing fibroblast presence between the differ-
ent FTMs, we observed that FTMNF samples contained less fibroblasts.

3.4 | The effect of adipose-derived tissue in FTMs
on a SMA expression

One of the hallmarks of HTSs is elevated collagen deposition caused
by myofibroblast persistence, which are activated by TGF-p1. Since
it has been reported that fat grafting reduces collagen deposition
through inhibition of TGF-f1 activated fibroblasts, we next inves-
tigated whether the addition of ADT could also downregulate ac-
tivated myofibroblast. Therefore, we determined the expression of
myofibroblast marker «SMA by immunofluorescence (Figure 4A).
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FIGURE 2 Epidermal morphogenesis in NHS, FTMNF, ADT-FTMNF, FTM"TS and ADT-FTM™™S. (A) Immunohistochemistry or
immunofluorescence staining for proliferation marker Kié7, early differentiation marker K10, late differentiation marker loricrin and
hyperproliferation marker K17. Scale bar: 100 um. (B) Quantification of the proliferation rate of basal epidermal cells expressed as the
percentage Kié7-positive keratinocytes. (C) Quantification of the epidermal thickness expressed as the me epidermal area. N=3; *p <0.05;
**p<0.01; **p<0.001. (D) H and E staining showing morphological differences in stratum corneum development between FTMs and ADT-
FTMs. The three-layered FTMs showed a loose and thinner stratum corneum. Scale bar: 100 pum; N=3.

In FTMNF, the addition of ADT substantially reduced aSMA ex-
pression (p<0.05). As for FTM™TS, aSMA expression was dramatically
downregulated when ADT was added to the FTMs. Although not sta-
tistically significant, FTM"TS, showed substantially elevated «aSMA ex-
pression levels compared to NF-containing skin models (Figure 4A,B).

Another feature of fibrotic dermal tissue is that the collagen bun-
dle orientation shows parallel alignment to one another opposed to a
more basket-weave and random bundle orientation in healthy skin.?”

Therefore, we performed a Masson's trichrome stain to visualize
the collagen bundles in the different FTMs to assess if incorpora-
tion of ADT displays increased waviness (less fibrotic) of the dermal
compartment (Figure $3). FTMNF samples presented a similar col-
lagen bundle orientation compared to ADT-FTMNF (Figure S3A,C).
Comparison of FTM"™S with ADT-FTM"™ revealed that the addi-
tion of ADT resulted in an increase of collagen bundle waviness
(Figure S3B,D).
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FIGURE 3 Dermal-epidermal junction and fibroblast distribution in the different FTM types. Representative images for COLIV, COLVII
and VIM expression in the different types of FTMs: FTMNF, FTMTTS ADT-FTMNF and ADT-FTM™TS, The upper and middle row represent
deposition of components of the basal membrane COLIV (AEC) and COLVII (fluorescence; red). The lower row displays the expression of
vimentin. In the dermal compartment of the FTMs visualized in red by immunofluorescence. For immunofluorescence, the nuclei were
visualized using DAPI. Scale bar: 100pm; N=3.
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FIGURE 4 Mpyofibroblast presence in FTMNF, ADT—FTMNF, FTM"TS and ADT-FTM"TS, o SMA immunofluorescence expression in FTMNF,
FTMPTS ADT-FTMNF and ADT-FTMM™. (A) aSMA immunofluorescence images of the different FTMS, with «SMA depicted in red and DAPI
nuclear staining in blue. Scale bar: 100 um. (B) Quantification xSMA expression presented as the average positive area percentage. Error bars
are presented as standard error of the mean. N=3; *p<0.05; ***p<0.001.
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In this study, we developed a 3D-organotypic model that mim-
ics characteristics of HTSs to elucidate the anti-fibrotic effects of
fat grafting. Over the years, several attempts have been made to
generate a three-layered skin culture. These studies used isolated
adipose stromal cells or mature adipocytes to establish a subcutane-
ous layer.28-32 Nevertheless, to our knowledge this is the first study
that generated a three-layered human organotypic skin culture using
adipose tissue.

Histological examination showed that ADT-containing FTMs
display a complete dermal and epidermal developed compartment.
However, ADT-FTMs showed a reduction in dermal thickness com-
pared with the two-layered FTMs. We address this reduction to
displacement of the dermal compartment due to mechanical pres-
sure exerted by the ADT that is located underneath the dermal
compartment of the FTM. The pressure exerted by the ADT did not
cause any mechanical stress to the residing fibroblasts in the dermal
compartment causing them to differentiate into myofibroblasts as
we found that ADT-FTMs showed reduced aSMA expression.®® As
for the epidermis, we observed a reduction in the number of via-
ble layers in ADT-FTMs, resembling epidermal thickness in native
skin. Upon investigating epidermal homeostasis, we found that the
proliferation rate in ADT-FTMs was significantly reduced compared
with non-ADT-containing FTMs and resembled NHS proliferation
rate. This result indicates that basal keratinocyte proliferation rate
is reduced and, thereby, reduced epidermal thickness.®*%° Indeed,
epidermal thickness was significantly reduced in ADT-FTMs versus
the two-layered FTMs. Further investigation on early (K10) and late
differentiation (LOR) markers showed that K10 was unaltered in the
different FTMs, indicating that the addition of ADT did not interfere
with the early differentiation programme. LOR expression, however,
was almost absent in ADT-FTMNF samples. This result suggests that
the addition of ADT leads to changes in the late differentiation pro-
gramme and the development of the cornified envelope.®**” A pos-
sible explanation could lie within in the adipocytokines expression
profile, since keratinocytes are also able to respond to these bio-
active molecules and thereby affecting epidermal homeostasis in-
cluding terminal differentiation.3® However, this hypothesis requires
further investigation by starting to assess the secreted adipocyto-
kine profile in the three-layered skin cultures. In addition, further
elucidation of epidermal terminal differentiation should include as-
sessment of other terminal differentiation markers, such as involu-
crin, filaggrin and skin-derived antileukoproteinase (SKALP).37-4

Furthermore, when comparing stratum corneum morphol-
ogy between the different FTMs, we observed in some cases that
ADT-containing FTMs exhibited a more loose and thinner stratum
corneum. It is warranted to investigate the lipid content and orga-
nization of the cornified envelope and stratum corneum, in order to
obtain more information on this differential effect.

In a similar study, researchers have established a three-layered
FTM by merging the two-layered skin equivalent with a separately
cultured hypodermal compartment.®! In agreement with our study,
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the three-layered organotypic skin model showed improved epider-
mal homeostasis, which was comparable with NHS.3t Additionally,
Lu and colleagues constructed an organotypic skin model of which
the dermal compartment consisted of a mixture of NFs and ADSCs.*?
The addition of ADSCs improved epidermal morphogenesis of the
skin equivalent. These findings raise the option to establish a FTM
consisting of a mixture of fibroblasts and adipose stromal cells on
the interface between the added adipose layer and the dermis in
order to improve communication between the layers. Interestingly,
on the interface between the subcutaneous layer and dermal com-
partment of our ADT-FTMs we observed the presence of round
cells (indicated by the black arrows in Figure 1C) that resembled
the adipocytes shown in a similar study performed by Huber and
colleagues.®? In this study, the subcutaneous compartment of the
three-layered organotypic skin culture consisted of a collagen type
| hydrogel embedded with mature adipocytes and detected adipo-
cytes after 7 and 14 days of culturing. Similar cells were detected in
the subcutaneous layer of our FTMs and dermal part (indicated by
the red arrows in Figure 1C). We hypothesize that mature adipocytes
migrated upwards into the dermal compartment and differentiated
into fibroblast-like cells, also known as dedifferentiated fat cells.*344
Further experimentation is required to confirm this hypothesis,
for example by performing multiplexed immunohistochemistry to
detect CD13*/CD29*/CD44*/CD90*/CD105"/CD49b*/CD567/
CD68" cells to confirm the presence of the dedifferentiated fat
cells that resemble dermal fibroblasts and filter out ADT-residing
macrophages.43'45’46

Another important feature of a viable organotypic skin model
is proper development of the BM.?2"2® Therefore, we determined
fibroblast presence (VIM) along with major BM collagen components
COLIV and COLVII, since deposition of both components is depen-
dent on fibroblast presence.?® Both BM components were present
in ADT-FTMs and in parallel with this finding fibroblast distribution
was similar between all FTMs.?® With regard to fibroblast presence,
FTMNF cultures showed less fibroblasts. However, the reduction in
fibroblasts did not affect COLIV and COLVII deposition. These re-
sults indicate that the addition of ADT did not affect the interplay
between the dermal and epidermal layer of the FTMs.

With regard to the potential anti-fibrotic effect of fat grafting, we
assessed myofibroblast presence by quantifying «SMA expression.
Here we found that in both ADT-FTMNF and ADT-FTMHYTS cultures
aSMA was significantly downregulated. This anti-fibrotic effect of
ADT is primarily addressed to the residing adipose stromal/stem
cells, which have been reported to exert their anti-fibrotic effects in
a paracrine fashion.’ Furthermore, previous studies have reported
that the anti-fibrotic effect of adipose stromal cell-conditioned me-
dium on NFs and HTS-derived fibroblasts was triggered by repro-
gramming of myofibroblasts and inhibits TGF-p1-induced fibroblast
differentiation resulting in a significant reduction aSMA and colla-
gen type I/11l expression.*”*8 In addition to a significant reduction in
aSMA-positive fibroblasts, we observed an increase in collagen wav-
iness in ADT-FTMs embedded with HTS fibroblasts, indicating low-
ered stiffness that in turn could affect MF differentiation through
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mechanotransduction pathways (Figure $3).47°2 These findings are
in agreement with previous studies reporting the anti-fibrotic ef-
fects of fat grafting of fibrotic scars.”*

Besides the anti-fibrotic features, fat grafting has also proven
to improve outcomes in wound healing studies. Occurrence of cell
death in the epidermal and dermal layer as a result of a full-thickness
wound was in line with a previous study conducted by our group
(Figure 52).22 However, in ADT-FTM"T® cultures the majority of the
fibroblasts seem to have survived in the wound area after 3days
(Figure S2D). One could hypothesize that the combination of the mi-
grating mesenchymal (stem) cells from the ADT could support sur-
vival of the HTS fibroblasts. Another explanation could be attributed
to displacement of the dermis by the ADT, resulting in a thicker der-
mis (for some of the samples) underneath the wound area, display-
ing less damage. Furthermore, we found that the addition of ADT
delayed re-epithelialization in FTMNF compared to the two-layered
FTMs that contain NFs (Figure S2E). This finding is in line with pre-
vious findings from our group in which human skin equivalents were
embedded with either NFs or adipose cells.>® Assessment of epider-
mal morphogenesis of the latter showed that adipose cells delay the
lateral keratinocyte migration rate over a course of 2weeks. This
phenomenon was attributed to elevated presence of myofibroblasts
affecting keratinocyte migration.>®>°

To shift towards a full-functioning human skin equivalent, it is
warranted to also include skin appendages such as hair follicles, se-
baceous glands and sweat glands.?” Moreover, studies have shown
that stem cells from the skin appendages are involved in epidermal
regeneration of the skin after, for example first and second degree
burn wounds.*® The most well-described stem cell niche in the skin
is found in the hair follicles. Previous studies have shown that hair
follicles contribute to cutaneous wound healing by activation, mi-
gration and differentiation of bulge stem cells, fibroblasts and ke-
ratinocytes.sg'60 Furthermore, over the past decade studies have
shown the regenerative potential of HF-derived dermal papilla cells
(DPC) that enable in vitro and in vivo HF growth.%*"% Here, a proper
3D microenvironment is crucial to maintain the trichogenic capacity
of the HF-derived cells.®* Enabling HF regeneration in our three-
layered skin model would be the first step towards a full-functioning
skin equivalent that allows investigation of wound healing resem-
bling native skin. A proposed time course to realize HF regeneration
in our three-layered skin model, would entail DPC isolation, cell ex-
pansion and DP spheroid formation during the first 11 days.®>~%” This
is followed by layering the three-layered skin model and incorpora-
tion of the DP spheroids into the dermal compartment of the skin
model followed by keratinocyte seeding the next day, as described
earlier.®%® The DP spheroid-bearing three-layered skin model will
be cultured on the air-exposed liquid interface for an additional
2weeks. In theory, one could develop a HF-bearing three-layered
skin model in approximately 30days.

In conclusion, the ADT-FTM showed improved epidermal mor-
phogenesis and did not affect dermal-epidermal communication.
Moreover, the addition of ADT induced an anti-fibrotic, as seen
upon lipofilling of HTSs. Furthermore, the proposed ADT-FTM

in this study could serve as a proper model to further elucidate
the molecular mechanisms of fat grafting in hypertrophic scar

treatment.
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